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1 Introduction and conclusion

Conformal field theories (CFTs) play prominent roles in theoretical physics ranging from the
critical phenomena of phase transitions, the boundary excitation of (fractional) quantum
Hall effects, to the world-sheet dynamics of quantum strings. If we specialize to two
dimensions, the conformal symmetry gets enlarged to the infinite dimensional Virasoro
algebra that restricts the underlying dynamics severely. As a consequence, for example,
any unitary CFT with central charge ¢ less than one can only be one of the minimal
models [1].

However, for general 2d CFTs, it still remains a difficult task to comprehend the full
landscape of their theory space. After the breakthrough in the study of 3d Ising model [2],
the philosophy of bootstrap has taken a more central role in recent years. In particular,
it became more compelling to explore the idea of modular bootstrap, which employs the
modular invariance of the CFT partition functions on the torus. The modular invariance
implies new constraints on the space of 2d CFTs as well as possible 3d gravity duals, and
also provides unexpected connections to mathematics. See for example [3-15] for a very
partial list of related works.

Rational conformal field theories (RCFTs), defined to have finitely many chiral pri-
maries, have drawn particular attention in the past decades. The minimal models, lattice
CFTs, and the Wess-Zumino-Witten (WZW) models of compact group are just a few ex-
amples of the RCFT. Compared to irrational CFTs, they have much nicer properties, and
we are naturally led to a quest for its possible classification.



Mathur, Mukhi and Sen [16] first realized that modular symmetry can be explored to
systematically classify bosonic RCFTs, based on the number of independant characters d,
the rank of RCFT, they have. This approach is dubbed as holomorphic modular boot-
strap [17-19]. Its essential idea is the observation that characters form a vector-valued
modular function (vvmf), and mathematically they must satisfy a modular linear differen-
tial equation (MLDE). We also remark that the method of MLDE also features in the study
of higher dimensional quantum field theories, most notably in four-dimensional supercon-
formal field theories (SCFTs) through the so-called SCFT/VOA correspondence [20-25].

On the other hand, in mathematics there is a class of different although related objects:
modular tensor categories (MTCs). RCFTs and MTCs are similar because modularity
plays important role in both cases. For instance the modular data of an MTC should in
some sense capture the modular transformation of RCFT characters. The classification
of MTCs according to their rank is also an important topic [26—28], which resonates with
the holomorphic modular bootstrap method. However, since it is still unknown whether
every MTC is realized by an RCFT, and even if so a given MTC could be mapped to many
RCFTs, we are still lacking a precise dictionary between the two methods.

Nevertheless, this does not stop us from utilizing techniques developed in the MTC
side. In particular, the so-called congruence property [29] is utilized to constrain the
set of modular data for MTC at low ranks. The latest result can be found in [30]. In the
RCEF'T side, this can be formulated as the integrality conjecture or unbounded denominator
conjecture [31], which was recently proved in [32] (see also [33]). Its statement is that each
component of a vvmf becomes a modular function for a congruence subgroup I'(N) of
SL(2,7Z) if all the coefficients in its g-expansion are integral. Last year, [34] imported this
technique to RCFTs and greatly extended the previous classification using holomorphic
modular bootstrap.

In this paper, we will consider a generalization of the above successful story to theories
including fermions. This generalization was initiated in the papers [35, 36], in which one
examines the modular subgroups preserved by the choice of spin structure for fermions,
and write down corresponding fermionic MLDEs (FMLDESs). Naturally, this tool helps to
classify what one may call fermionic RCFTs (FRCFTs), which has interesting connections
to various topics such as fermionization [37, 38], emergence of supersymmetry (SUSY) [39-
42], moonshine phenomena of sporadic groups [36, 43, etc.

As a next step, naturally we would like to study the implication of integrality of the
Fourier coefficients of the characters for FRCFTs. We state an analogue of the integrality
conjecture in 2.2, which is the counterpart of congruence property in super-MTC [44]. As-
suming this conjecture, we are able to, in certain sense, extend the previous classification
in [35, 36], and we successfully bootstrap candidate solutions for putative FRCFT char-
acters up to rank four. To be more specific, first of all, by our working hypothesis, we
are able to cover non-degenerate FRCF'Ts, meaning that there exists no pair of NS sector
conformal weights whose difference is a multiple of a half-integer, and no pair of R sector
conformal weights whose difference is an integer. For this class, then indeed all the theories
found in [35, 36] are recovered. Moreover, there is a non-negative integer ¢ as another input
parameter, which characterizes the pole structure of the coefficient functions of FMLDE



and is known as the index. We only consider index ¢ < 1 in this paper, together with
possible unitarity constraint. For easy of reference, we summarize the main results here:

(d,¢) =(2,0) (d,f) =(3,0) unitary (d,¢) = (3,1)unitary (d,¢) = (4,0) unitary
tables 3, 4 table 5 table 6 table 7

We would like to stress here that the previous approaches to the classification of the
FRCFTs as well as some studies in the super-MTC are limited in a sense that they mainly
rely on the physical constraints in the Neveu-Schwarz (NS) sector but barely concern those
in the Ramond (R) sector. There are however some occasions where the torus partition
function in the NS sector, that looks perfectly consistent, is modular-transformed to the
partition function in the R sector that is ill-defined. Recently, it was pointed out in [45]
that careful examining the often-ignored Ramond sector results in a stronger constraint
on the spectra of fermionic CFTs. Interestingly, we observe that the consequence of the
integrality conjecture for FRCFTs actually not only constrains the spectra in both NS and
R sectors but also the provides a consistency relation between them.

For readers who wish to compare our results with the classification in the super-MTC
literature, we first remark that the exponential of conformal weights in their language
are known as twists or topological spins, while their central charge ¢ is only defined mod
8. Also, to obtain their normalization of 7" matrix in the modular data, one needs to
multiply ours by an overall factor exp(c/24). Therefore, the number N which labels the
congruence subgroup will in general differ from those appearing in the modular data. More
importantly, due to the fact that different primaries may share the same character, the rank
of super-MTC will in general be bigger than the number of independent characters in our
classification.

As possible further directions, first it would be nice to understand or disprove the
solutions that we find but are unable to identify. For instance, one has to check if they
have the well-defined fusion algebra. Although each fusion coefficient can be computed
by the Verlinde formula, it requires the so-called refined modular matrices. However, the
conformal characters constructed by the holomorphic modular bootstrap only provide the
reduced modular matrices that leads to the wrong fusion coefficients. See [46] for reference.
It would be interesting to develop a systematic manner to unfurl the reduced modular
matrices to refined modular matrices that eventually furnishes the (super) MTC data,
whose classification can be found in [47, 48]. Second, one could consider turning on extra
parameters such as flavor fugacity in the characters, which upgrades the MLDEs to the so-
called flavored MLDEs. Such generalization has already appeared, for example, in [22, 24].
Third, it would be interesting to look for a correct Hecke operator relating different FRCTs,
as was done for bosonic RCFTs in [49, 50]. Finally, incorporating all possible topological
defect lines for fermionic theories would be another important direction to pursue [51], and
FRCFTs are surely suitable examples to study.

This paper is organized as follows. In section 2, we review the basic structure of
2d CFT in the presence of fermions, and introduce the holomorphic modular bootstrap
method. New ingredients start from section 2.2 where we make use of the integrality



conjecture and hence the representation theory of finite groups to constrain all possible
exponents mod 1 for fermionic MLDEs at low ranks. Section 3 contains the main result of
this paper, where we present explicitly putative two-, three- and four-character fermionic
theories with constraint mentioned above after a computerized scan. In particular, they
contain all non-degenerate theories previously found in [35, 36]. We also include two
appendices. In appendix A, we give some detail about the induced representation to prove
a claim in section 2.2. In appendix B, we list all the exponents mod 1 that are used in
section 3.

Note Added. While this work is at the final stage, [52] appeared which uses the same
idea to construct modular data in the super-MTC.

2 Preliminaries

An RCFT is defined as a CFT whose torus partition function can be described as a finite
sum of products of holomorphic functions and anti-holomorphic functions of the complex

parameter of torus 7,

) d—1
Z(T, 7—_) _ TI"H [qLofc/24qLofc/24} = Z Mini(T)Xj(%) (21)
4,7=0

with the trace over the Hilbert space H on a circle and non-negative integers M;;. Such
holomorphic functions ;(7) with ¢ = 0,1,...,d — 1 are referred to as conformal characters
of the chiral primary operators with respect to a certain chiral algebra that includes the
Virasoro algebra. The central charge ¢ and the conformal weights h of the primary operators
turn out be rational numbers for RCFTs.

The invariance of the partition function of a bosonic RCFT under the modular trans-
formation of torus, SL(2,7Z), leads to the fact that conformal characters, denoted by x(q)
(g =e*™7)

zero. For instance, the character x;(q) transform under S and 7" as follows

collectively, transform as d-dimensional vector-valued modular forms of weight

d—1 d-1
Xi(=1/7) = > Sixi(7), Xi(T+1) =Y Tixi(r), (2.2)
j=0 j=0

where the modular matrices S and 7 are constant matrices in GL(d, C), and satisfy the

relations
S*=(ST)*=C (2.3)

with C' the charge conjugation matrix.

In the presence of fermions, the boundary condition along the non-trivial cycles relaxes
the SL(2,Z) invariance of the torus partition function. To see this, note that one can
impose either periodic (R) or anti-periodic (NS) boundary condition for a fermion along
each cycle of torus. As depicted in figure 1, we thus have four possible boundary conditions,
labelled as (NS,NS), (R,NS), (NS,R), and (R,R), to define a theory of fermions on torus. A



Figure 1. Transformations among NS, NS and R sectors.

choice of boundary conditions is also known as a choice of spin structures for the fermions.
For convenience, in this work we use a shorthand notation NS, NS, R and R for the
aforementioned boundary conditions, respectively. For the interacting field theories, we
impose the same boundary conditions on all fermions. The torus partition function for
each boundary condition allows the Hamiltonian interpretation as follows,
Zns(T,7) = Tragys [qLO_C/M@iO_C/M},

Z55 (1, 7) = Tryys {(—I)FqLO_C/ZA‘(jLO_C/Zﬂ, (2.4)

Zr(7,7) = Trygg [qhome/ghome/2],

Zﬁ(T, ,7—_) _ TI"HR {(_1)FqLo—c/24q—Lo—c/24} ’

where the trace is performed over the Hilbert space of a given CF'T on circle in the Neveu-
Schwarz (Ramond) sector, Hng (HR)-

We also describe in figure 1 how the fermionic spin structures transform under S and
T. It is then evident that the torus partition functions for NS, 1\TS, R boundary conditions
are invariant under T'p, T?(2), and Ty(2),

Ty = { (: ?) € SL(2,Z), <3‘ ?) = ((1) 2) or <(1) (1)> mod 2},

r%(2) = { (O‘ B) € SL(2,Z), B =0 mod 2}, (2.5)

v d

To(2) = { (O‘ 5) € SL(2,Z), ~=0mod 2},

v 0
respectively. They are the level-two congruence subgroups of SL(2,7Z). On the other hand,
the SL(2,Z) invariance of the partition function for the R boundary condition remains
intact.
We refer an FRCFT as a conformal field theory of fermions whose partition function
for each boundary condition can be expressed in terms of finite numbers of conformal
characters in each sector,

ZNs = Z MZsz ( )7 Z MUXZ ( )7

7.7 =0 ,] =0
_ d—1 -

Zr =Y Nipxi(m)x;(7), Zz= > Nix (e )X (), (2.6)
i,j=0 1,7=0



where the modular pairing matrices M;;, Mij, N;j, and Nij are constant matrices with
integer components. We define the number of independent characters d to be the rank of
FRCFT. The rank d remains the same in NS, l\AIS, R as the characters of these three sectors
are related by the T, S transformations. We could treat the R sector partition function
somewhat like a bosonic RCFTs as they are SL(2,Z)-invariant. The rank d of R sector
characters is independent from d. We would hardly explore the R sector physics in this
work. In the limit 7 — 700, such characters in each sector can be expanded in powers of ¢
as follows,

NS
q) =4 (a0 + ai/0q"? + arq" +azpg®* + ),
NS
(

q* (a0 — a1/2q1/2 + (11q1 — a3/2q3/2 4. )7 (2.7)
XR(Q) = qaR (bo + blql + b2q2 + b3q3 + - ),

where the exponents are determined by the central charge c¢ of the theory and conformal
weights h of primaries,

NS NS C R R C
g h = h —_——_— 2.8
21 ¢ 24 (2:8)

Q@
Henceforth we will focus our attention to fermionic RCF'Ts where half-integer spin descen-
dants exist in the NS sector, i.e., the Fourier coefficients a,, with a half-integer n are in
general non-zeroes, with some attention to the implications of the R sector. In other words,
a fermionic RCF'T of our interest has an extended chiral algebra that contains conserved
currents of half-integer spin.

The invariance of Zng, Z<z, and Zg under Iy, I‘O(2), and T'g(2) implies that the con-

NS
formal characters x™°(q), x™°(q), and x®(q) transform as vector-valued modular forms for
corresponding modular symmetry groups, respectively. The essential features of conformal

characters are presented below:

e Integrality: all Fourier coefficients of conformal characters have to be integer-valued.
In addition the modular pairing matrix M;; has the integral entries. Otherwise, we
have to lose the Hamiltonian interpretation of the partition functions (2.4).

« Positivity: in particular, the Fourier coefficients of x°(q) and x®(q) are further
required to be non-negative. In addition the entries of the modular pairing matrix
M;; should be positive.

e Unique vacuum: the first Fourier coefficient of the NS vacuum character has to be
unit. In addition My = 1. This is because, by definition, any CFT has a unique
vacuum that corresponds to the identity operator.

e« Weak holomorphicity: conformal characters in each sector are holomorphic in 7
inside the fundamental domain for the corresponding level-two congruence subgroup
of SL(2,7Z).



o Unitarity (optional): for the unitary CFTs, the central charge c as well as the
conformal weights h should be non-negative for a unitary CFT. It implies that, in
the limit 7 — 700, the conformal character over the identity is the dominant one in
the NS sector.

In order to explore the space of FRCFTs, one can naturally study the whole space of
vector-valued modular forms with the above properties. Let us first discuss a systematic
and practical approach to construct such vector-valued modular forms by studying the
MLDEs satisfied by these characters [53-55].

2.1 Modular linear differential equations

In this subsection, we review the holomorphic modular bootstrap method for FRCFTs. As
a prerequisite, one first needs to understand how it works for bosonic cases.

We rely on the fact that the conformal characters for a given bosonic RCFT are
solutions to an MLDE. The role of derivative in such an MLDE is played by the so-called
Serre derivative, which maps a modular form of weight £ to a new modular form of weight

k42,
1 d k
omidr 12 2(7) (2.9)

where Fs(7) is the quasi-modular Eisenstein series of weight 2. We define the order n

k

modular derivative as
D" = Dgn_g o Dgn_4 ce D() s (2.10)

acting on weight zero modular forms. We choose the convention D° = 1.

Let us consider an arbitrary function f made of a linear combination of d characters
{x0s---,Xd-1}, which constitute a d-dimensional vector-valued modular form of weight
zero. The following determinant then obviously vanishes,

' xo - Xa-1

D'f Dxo --- D'xa
det | 7 , = 0. (2.11)
Dif Dlyo - Dixg_s

Dividing by the Wronskian W (7) of d characters x;(7), one can obtain the desired MLDE
from the above determinant,

d—1
D+ ¢k(7')'Dk] f(r) =0, (2.12)
k=0

where ¢p(7) are modular forms of weight (2d — 2k) for SL(2,Z). Since the conformal
characters y;(7) are weakly holomorphic, ¢(7) are allowed to have poles on the upper-half
plane only at the zeros of the Wronskian W ().

Since the order of poles is important to restrict the possible form of ¢, one introduces
the notion of index [ as six times the sum of order of zeros for W (7) in the fundamental

2mi/3

domain. Notice that the order of zeros becomes 1/3 at an orbifold point 7 = e while



1/2 at another orbifold point 7 = i. Furthermore, from the valence formula of W(7), we
are able to relate the parameter [ to the central charge ¢, conformal weights h;, and the
number of primaries d:

dd—1) <2
= (12) - Z[:)al (2.13)

[S2REE

where a; = h; — ¢/24 is the leading exponent of each character in the g-expansion.

The core idea of holomorphic modular bootstrap is to turn the above logic around.
We instead start from a discrete set of data {I,d} and classify all possible character-like
solutions satisfying the aforementioned physical constraints: (i) integrality, (ii) positivity,
(iii) existence of the unique vacuum, and (iv) weak holomorphicity. As a special case, the
case [ = 0 is dubbed the holomorphic or monic MLDE, and their complete classification
for the smallest nontrivial value d = 2 marks the first triumph of the holomorphic modular
bootstrap [16].

The MLDE method was extended to classify the fermionic RCFTs recently in [35,
36]. One can argue that conformal characters for each boundary condition solve a linear
differential equation invariant under the corresponding level-two congruence subgroup of
SL(2,Z). More precisely, the FMLDEs for NS, NS, and R characters become

d—1
D'y qs}?S(T)D’f] () =0,
k=0

D+ df ¢§NS(T)D’f] NS(r) =0, (2.14)
k=0
d—1
[Dd +y asE(T)D’f] fi(r) =0.
k=0

The coefficients ¢35(7), ¢N5(7), and ¢2 () are the weight (2d — 2k) modular forms of the
respective level-two congruence subgroups.

Analogous to (2.13), one can obtain the valence formula for fermionic theories by per-
forming the contour integral of Wronskians from conformal characters for each boundary
condition. Here the contour is chosen as the boundary of fundamental domain of the
corresponding modular symmetry group. To be more concrete, let us consider for in-
stance the NS sector. Its fundamental domain can be chosen as the region {r € H| |7| >
1 and |Re(7)| < 1}. There is one orbifold point after gluing the boundary, ie., 7 = i
with cone angle m. The fundamental domain of I'y has two cusps 7 = +ic0 and 7 = +1.
Performing a contour integral along the boundary of the region, we obtain the valence
formula [35]

C_dd=1) 5= x5 N R
c=MD oy oyl (2.15)
=0 =0
where o and of are given by (2.8). Here d denotes the number of characters in the

NS sector and ¢ is the Wronskian index, the analog of [, counting the zeros for Wyg twice
except zero at 7 = i only once in the fundamental domain. One interesting feature of (2.15)



is that, even if we only focus on the NS sector, we still need information from the R sector,
which arises from the cusp 7 = +£1.

In general, one can express the coefficient functions ¢ (7) in (2.14) as rational functions
of Jacobi theta functions,

oo

Oo(r) = 3 VD2 gs(ry = N ¢ wa(r) = Y (—)ngA (2.16)

n=—oo n=—oo n=—oo

This is because ¢y (7) is defined as ratio of two holomorphic modular forms, and the space
of entire modular forms of a given weight is generated by combinations of Jacobi theta
functions:! for non-negative integers (r, s),

Moy(Tg) = ( (—03)" 0% + (—03)"01", r <, r+s=1h ),
Mo(T0(2)) = { 03704 + 0398, r <5, r+s=k ), (2.17)
Moy (To(2)) = (05704 + 039, v <5, r+s=1h ).

Here My, (G) denotes the space of holomorphic modular forms of weight 2k for modular
symmetry group G. Moreover, based on the transformation rules below,

T: (93,93,91) — (—93,9],03)

2.18
S (05,93,95) — (=704, —7793, —1°03). 219

we can easily read off how the coefficient functions for different boundary conditions are
related.

Clearly not all FMLDE solutions can be identified as conformal characters of putative
CFTs. The Fourier coefficients of some solution can be rational with a growing denomina-
tor, and so cannot be made integral by multiplication of a large integer. We will discuss
how the integrality of conformal characters can be reflected in the representation theory of
modular symmetry groups below.

2.2 Integrality conjecture

The integrality is the primary criterion for the solutions to an MLDE to be considered as
physical characters. It was first observed in [56] that the conformal characters solve an
MLDE with finite monodromy group. Soon afterwards the integrality conjecture was pro-
posed to explain the above observation. The conjecture states that if a vvmf transforming
under SL(2,7Z) has integer Fourier coefficients, then there must exist a principal congru-
ence subgroup I'(IV) under which each of its components becomes singlet. Here I'(N) is

defined as
o a f apfBy (10
I'(N) := { <’y 5) € SL(2,7), (7 5) = (0 1) mod N} (2.19)

for some N € N. In other words, any d-dimensional vvmf with integer Fourier coefficients
has to transform in a d-dimensional representation of SL(2,Z)/I'(N) = SL(2,Zy) . This

1We correct here a typo in equation (3.12) of [35].



conjecture was recently proved in [32], and when the vvmf arises from a bosonic RCFT it
goes under the name of the congruence property proven earlier in [29].

The irreducible representations of SL(2,Zy) were all classified in [57-59], and can be
easily accessed from computer software such as GAP [60]. Based on the above fact, the
integrality ‘theorem’ allows us to tightly constrain possible values of the central charge
and conformal weights of vvmfs with integer Fourier coefficients for a given rank d. This
method was studied in [34] to classify the space of bosonic RCFTs, which we review briefly
below.

Suppose N =[], pf‘i is factorized in terms of prime numbers p;. We then have a finite
group decomposition

SL(2,Zy) = HSL(Q,ZP_M) : (2.20)

Since the representation of SL(2, Zy ) also factorizes accordingly, it is sufficient to determine
a finite list of irreducible representations of SL(2,Z,x) for any prime number p and A > 1,
out of which we can build up irreducible representations for each positive integer V.

We should stress here that the irreducible representations of SL(2,Z,x) of our interest
are those which do not arise from irreducible representations of SL(2, Z,x-1) via the natural
projection map. On the other hand, for reducible representations the modular S-matrix
can be block-diagonalized, and there must exist two conformal weights which differs by
an integer.? Therefore, we restrict ourselves to non-degenerate bosonic RCFTs where any
difference between two conformal weights is not an integer.

One important remark on the admissible representations of SL(2,Zy) is in order.
Precisely speaking, the conformal characters transform in a representation of PSL(2,Zy)
rather than SL(2,Zy). It implies that one has to search for irreducible representations of
SL(2,ZyN) where the minus of the identity acts trivially.

As an illustration, let us consider the simplest but non-trivial example, d = 2. From
the representation theory of SL(2,Zy), one can show that the list of possible values of N
which allow a two-dimensional representation fulfilling the above requirements is finite and
is given as

N € {2,6,8,12,20,24,60} . (2.21)

In fact, one can argue that there are only finitely many values of N for which any irreducible
representation in d-dimension can exist. Intuitively, it can be explained by the fact that
the irreducible representations of SL(2,Z,x) for a large A with sufficiently small dimensions
all arise from pull-backs of those of SL(2,Z,,) with Ag < A.

In [34], the authors carried out this procedure up to d = 5, and finally able to bootstrap
candidate characters for RCFTs with Wronskian index ! < 6. Motivated by their success,
we would like to generalize this method to FRCFTs.

The first step is to extend the integrality theorem to the theory with fermions.

*In the context of MTC this is known as the t-spectrum criteria [28]. Some constraints to construct
reducible modular data from irreducible ones can be found in [30].

~10 -



Conjecture. If a d-dimensional vomf is covariant under the modular group 'y and has
integral Fourier coefficients, then all d components are modular functions for a fized prin-
cipal congruence subgroup I'(N) < I'y with some positive even integer N, taken to be the

smallest possible.

We remark that in the context of super-MTC, assuming the existence of a minimal modular
extension (which was shown to be true in [61]), this was proved by [44]. However, the
general statement in terms of vvmf seems to be still open. Also notice that N here must
be even, since otherwise I'(N) cannot be a subgroup of T'y. Then the isomorphism (2.20)
can be generalized as follows,

Theorem 2.1. Assume N = 28Q with k > 0 and gcd(2,Q) = 1. We have the following
decomposition,
Ty/T(N) =T x SL(2,Zg), (2.22)

where T((,k) is defined to be the finite group Ty /T (2F).

Proof. We regard I'y/T'(IN) as a subgroup of SL(2,Zy) = SL(2,Zyr) x SL(2,Zg) where,
according to the Chinese reminder theorem, the map to each factor is given by mod 2F
and mod @ respectively. We first prove that I'y/I'(IN) after modding by @ is actually
SL(2,Zq). To see this, note that there exist two integers (a,b) such that a-2+b-Q =1
by the Bézout theorem. It implies that T = (7?)® mod Q is contained in T'y/T'(N) mod
Q. Together with S element (mod @), they generate the whole SL(2,Zq). It is then easy
to check that both sides of equation (2.22) have the same order, so the kernel of the map
is trivial and they are isomorphic. O

See [44] for another proof. This theorem says that in order to understand the irreducible
representations of I'y/T'(IN), the essential new ingredient is the group T’ ék). We discuss a
few properties of Fék) below.

Let us begin with a useful observation. The order of the finite group SL(2,Zy) is

given by
‘SL(Q,ZN)‘ =N JJ1 - i?) : (2.23)

pIN b
where the product is taken over all prime numbers dividing N. Plugging N = 2% into (2.23),

we have [SL(2, Zot)| = 3 x 23¥72. Moreover, since Ty is an index-3 subgroup of SL(2,7),
we learn that

0| = 292, (2.24)

In other words, Fék) is a 2-Sylow subgroup of SL(2,Zyx). It is well-known that, for a
given finite group G, the total number of p-Sylow groups of G is given by the index of
the normalizer of any p-Sylow subgroup. Moreover, all p-Sylow subgroups are conjugate
to each other by certain elements of G. In our case where G = SL(2,Zyx) and p = 2, we
have three different 2-Sylow subgroups that are simply the quotient of T'g, T°(2) and T'o(2)
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by T'(2¥). One can also argue that three 2-Sylow subgroups are conjugate to each other by
the elements 7" and S of SL(2, Zqyx ),

T Ly 102)/T(2%) < Ty(2)/T(2%), (2.25)
which exactly agree with the maps between three spin structures NS, ITT/S, and R.

In practice, one can identify any of them in the software GAP [60] by the command
“SylowSubgroup” and “ConjugateGroup”. Then its irreducible representations are easily
accessed from the command “CharacterTable”. We demonstrate it in a few examples with
small k£ below.

Let us consider the simplest example Fél). Since Fél) is of order two, it is isomorphic to
the cyclic group Zs. It is known that there are two irreducible representations of dimension
one. One of them is the trivial representation and the other is the sign representation. The

character table of Fél) is simple,

la 2a
Ch1 1 1
Chg 1 -1

where each row is for an irreducible representation while each column for a conjugacy class.
We adopt the notation for each conjugacy class from GAP where the prefactor shows the
order of its elements. Since the two elements (—1) and T? are equal to I modulo two, they
are in conjugacy class la. Therefore, one can conclude that I’él) has two one-dimensional
irreducible representations where (—1I) acts trivially.

Next, we move onto the first non-trivial example Fé2). It is a finite group of order 16.
Using GAP, one learns that there are ten different conjugacy classes whose character table
is presented below,

la 4a 4b 4c 4d 2a 2b 2c¢ 2d 2e

chh 1 1 1 1 1 1 1 1 1 1
chp 1-1 1-1 1-1 1 1-1 1
chy 1-1-1-1-1 1 1 1 1 1
chy, 1 1-1 1-1-1 1 1-1 1
chs 1 4 —0 —i 1 1 1-1-1-1
ch¢ 1 —i —1 ¢ -1 1-1 1-1
chy 1 - ¢ ¢—-1i 1 1-1-1-1
chg 1 4+ 4 —3 —3—-1 1-1 1-1
chg 2 0 0 0 0 0-2 2 0-2
chip 2 0 0 0 0 0-2-2 0 2

where ¢ = 4/—1. Unlike the previous example, we should identify which representation
comes from Fél) via the natural projection map I‘éQ) — I‘él). Note that the conjugacy
classes 4a, 4b, 4c, and 4d of I‘éQ) descend to the 2a class of Fél) while the others to the

la class. It implies that two representations ch; and chs are simply the pull-back of the

(

trivial and sign representation of Fel). They should be disregarded as “proper” irreducible

representations of Féz) according to our assumption. The group FgQ) thus have 8 “proper”
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irreducible representations in total, two of which are two-dimensional and others are one-
dimensional. Since (—I) is in the conjugacy class 2¢, one can also read off its action
on each representation from the character table. For instance, (—I) acts trivially on the
representation chg while non-trivially on the representation chqg.

In a similar fashion, after deleting those coming from smaller k£, one proceeds to find
28 “proper” irreducible representations for I' ég), 78 for Fgl), and so on.

There are finitely many possible values of N so that I'y/T'(IV) allows a d-dimensional
irreducible representation where (—1I) acts trivially. According to the theorem 2.1, a irre-
ducible representation of I'g/T'(N) can be described as a tensor product of a irreducible
representation of F(gk) and a irreducible representation of SL(2,Zg). It was shown in [34]
that the sets of odd numbers @ such that SL(2,Zg) has a d-dimensional irreducible repre-
sentation, denoted by Den,(d), are

Den,(1) = {17,377},
Deny,(2) =4{37,57,157 },
(2) ={ } (2.26)
Den,(3) = {37,57, 77,157 211},
Den,(4) = {57,77,9%,15%,217},

where the superscript + (—) indicates the trivial (non-trivial) action of (—I) in a given
representation. We also define Den,(d) as a set of 2% such that Fék) has a d-dimensional
irreducible representation that turns reducible under the map Fék) — Fék_l). We utilize

the program GAP to verify that

27, 4% 8% 16%},
4% 8% 16%, 32F1,

A

(2.27)

In general, we claim that Den, is non-empty if and only if m has only prime factor 2, and
we give a proof in appendix A. Based on (2.26) and (2.27), it is straightforward to compute
the possible values of N for which I'y/I'(N) has irreducible representations where (—1) has
trivial action. We summarize the results in the table 1.

2.3 Candidate conformal weights

We make use of the integrality conjecture to classify the possible values of N such that
putative conformal characters X%\IS transform in an d-dimensional irreducible representation
pof ['y/T(N). Since the element T2 of I'y/T'(N) has to satisfy the relation (72)V/? = TN =
1, we see that

mi(NalNS
X (1 + N) = 2NN NS () = \B(7), (2.28)

where the exponents are defined in (2.7), oY = h¥S—¢/24. The value of N thus determines
the denominator of the exponents. In fact, the representation theory of I'y/T'(N) can further

~13 -



d| N Number of irrep.
1| {2,4,6,8,12,16,24, 48} 48 irreps.

2 | {4,8,12,16,20, 24, 32, 40, 48, 60, 80, 96, 120, 240} 300 irreps.
{6,10, 12,14, 20, 24, 28, 30, 40, 42, 48, 56, 60, 80, 84,
3 208 irreps.
112,120, 168, 240, 336}

{8,10, 12,16, 18, 20, 24, 28, 30, 32, 36, 40, 48, 56, 60,
4 1206 irreps.
64, 72,80, 84, 96,112,120, 144, 160, 168, 192, 240, 336, 480}

Table 1. Complete lists of allowed values of N for FRCFTs as well as the number of possible
irreducible representations when d = 1,2, 3, 4.

constrain the space of allowed central charges and conformal weights. This is because each

exponent o> gives rise to an eigenvalue of p(T?),
e47ria0NS
6471'1'0111\15
p(T?) = ' . (2.29)

NS

e47rwz do1

We shall argue that those eigenvalues can be read off from the character table.
Suppose that the conformal characters are in a representation p of I'y/I'(N). The

eigenvalues of p(T?) are then all of the form exp (#Z22) for some integer m between 1 and

N/2, due to the relation p(T?)N/?2 = 1. To determine those eigenvalues, it is essential to
identify the conjugacy classes of (T2)! for I = 1,2,...N/2. As a result, we can compute
the characters of (72)! from the character table. Each characters can be also expressed in
terms of eigenvalues as,

N/2 ,
chy[(T?)] = Tr, [(T%)] = 3 viPe™ 5, (2.30)
m=1

where ) counts the degeneracy of exp (%) in p(7?). Invoking the inverse discrete

Fourier transform, it is straightforward to solve (2.30),

2 N/2 . —4mimg
) = N; ch,[(T?] e~ (2.31)

from which one can reconstruct the eigenvalues of p(7?).
We demonstrate the above procedure for the example ng), i.e., N =4. Using GAP, we
learn that the element T2 lies in the class 2a. When the conformal characters x; (i = 0, 1)

are in the two-dimensional representation with trivial (—I) action, the characters of T2
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and T* = I read

p(T?) = (1 ! ) , (2.32)

and thus 2(adS, a]®) = (0,1/2) modulo integers.

Remarkably, the character table of I'y/I'(IN) is not ignorant of information from the R
boundary condition. To be more concrete, the characters of group elements 7'S.7".(T'S) ™!
forl =1,2,..., N determine the conformal weights hf‘ or equivalently the exponents ole.
To see this, we first note that a representation of I'y/T'(N) can induce representations of
SL(2,Zy). They all give rise to the same result so we just pick one of them and continue
to call it p. Then we can regard the above elements in I'y/T'(N) as genuine product of

elements in SL(2,Zy), and we have

Ty o [ TST(TS) 7] = Ty, [T1]. (2.33)

plns [
This is because (T'S) ™! maps any vector in p|xs to a vector in plr, i.e., [i)ns = >;(TS)ijlj)r-
Once we identify the conjugacy classes of T'g/T'(N) where T'S.T'.(T'S)~! are placed, the
eigenvalues of p|r(T) as well as the exponents af* modulo integers
e2miag
e2miaf

plr(T) = (2.34)

;R
@27”ad—1

can be thus worked out in the similar fashion.

Again, let us consider the case FéQ) for illustration. For the two-dimensional represen-
tation that is singlet under (—1), the eigenvalues of p(T'S.T.(T'S)~1) can be expressed as
exp (2’”m) for some integer m between 1 and 4. Let us denote by VT(B) the number of times
the eigenvalue exp (“5"*) occurs. We utilize the program GAP to see that the conjugacy
classes of TS.TZ.(TS) Ufor I = 1,2,3,4 are 4a, 2e, 4c, and la respectively. From the
character table of F((,Q), one can read off the corresponding characters,

iTm

24: o),
mu

=1

4
Z (9)

=1

4
cho[l] =2 =" v, cho[TS.T.(TS)~

3

=1
4
cho[TS.T?(TS) ™ = —2= > (-1)™)), cho[TS.T*.(TS)~

m=1

3

It implies that the eigenvalues of pg(T'S.T.(T'S)™1), namely those of p|r(T), are +i. In
other words, (af, alt) = (1/4,3/4) modulo integers.
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d = 1 exponents

No. {208 R}

1| {228 0<k<23

k 12—k

Table 2. All possible exponents mod 1 for rank 1 FRCFTs.

All we need is to carry out the procedure reading off exponent pairs (2aN°, aR) for
all possible representations in table 1. Let us start with the case of rank one, d = 1. The
results already appear intriguing. We find that the 48 representations for d = 1 give rise
to two families of exponent pairs. They are summarized in table 2.

One can immediately see that the exponent pairs of k copies of free Majorana fermion
are in perfect agreement with those in the first family. The torus partition functions of a

free fermion are given by

2 2 2

U3(T)
n(7)

L | Va(7)
NS n(r)

where 6;(7) are Jacobi theta functions and 7(7) is the Dedekind eta function. The partition

Z= =0, (2.35)

9

_ ’ Ua(7)
n(r)

ZNS:‘

function in the R boundary condition vanishes because of fermionic zero mode. We can see
that the theory of a free fermion is RCFT with a single character that transforms under S
and T as follows,

T (r 1) = e 2/ (), W+ 1) = 2R (),
S xS (—1/7) = (7, S (=1/7) = (7). (2.36)

Thus we see that the eigenvalue of yng under T2 together with the eigenvalue of yg under
T realizes the exponent pair {2a™%, aR} = {23, L} in the first family.

Meanwhile we notice that there is also a second family in table 2. The theories in the
second family share the same NS sector exponents 2aN° with those in the first. However
the R sector exponents ot differ by 1 /2 pairwise. The difference also concerns with the
action of S. As we can see from (2.36), S acts trivially on arbitrary copies of xng. On
the other hand, S acts as (—1) for theories in the second family. The non-trivial action of
S has a physical consequence. The theory of a free Majorana-Weyl fermion cannot be a
genuine two-dimensional CF'T by its own because of the gravitational anomaly. However,
the three-dimensional fermionic gravitational Chern-Simons coupling cancels the anomaly,
more precisely the extra phases of (2.36). It suggests that the chiral theory of a free
Majorana-Weyl fermion can exist on the boundary of a three-dimensional fermionic gapped
system. This is not the case for the theories in the second family:® the chiral part of them

3We thank Ying-Hsuan Lin for discussion on this point.
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cannot be realized as the boundary theories since S acts non-trivially. Furthermore, we
will confirm in the next section that no physical theories can realize the exponents in the
second family.

After treating the rank one theories as a warm-up, let us move on to the higher
rank cases. Repeating the above procedure, we extract all the exponent pairs from the
representations in table 1. Let us decompose the exponent pairs into families within which
they are related by constant shifts; when two exponent pairs, {2aN% o} and {257, pR}
are in the same family, their difference is

{205 oBY — {2875 R} = 2%{1d, —14} mod Z, (2.37)

for some integer k between 0 and 23. For this categorization, we are motivated by the fact
that two RCFTs realizing the exponent pairs obeying (2.37) could be potentially related by
adding or subtracting k copies of free fermions. We present all possible families for d = 2,3
and 4 in appendix B, and provide a representative exponent pair for each family.

3 Classification

So far we investigated the space of possible exponent pairs {2aN%, o}, or conformal
weights, of vvmfs with integral Fourier coefficients, relying on the representation theory of
I'y/T'(N). However the integrality conjecture only determines the exponents pairs modulo
integers. Moreover, not every vvmf for each choice of allowed exponent pairs can be iden-
tified as conformal characters satisfying the aforementioned constraints such as positivity,
the existence of unique vacuum, and weak holomorphicity.

The classification of FRCFTs thus needs more elaboration. To achieve the goal, we
solve the FMLDEs (2.14) armed with exponent pairs in appendix B, and then analyze the
solutions carefully to see whether physical constraints are obeyed. In this classification,
we only consider non-degenerate theories, meaning that there exists no pair of NS sector
conformal weights whose difference is a multiple of a half-integer, and no pair of R sector
conformal weights whose difference is an integer. For those theories, the presentation of
['y/T(N) should be irreducible.

To make our approach available, we restrict our attention to FMLDEs where the
coefficient functions ¢ (7) are completely fixed for a given choice of {2aN° aR}. They
are referred to as rigid FMLDESs in the present work. The strategy to fix the unknown
coefficients is simple. We first write down the FMLDE of order d for I'y, and require the
solutions to start with X?IS ~ qa§8(1+~ ) (7 =1,2,...,d) in the limit 7 — ic0. It provides
us d constraints among the coefficient functions. Then we transform the FMLDE to the
one for I'y(2) via a suitable modular transformation. Again, having solutions that begin
with X? ~ qa? (14 ---) gives rise to another d constraints. We need to check whether the
exponents leads to independent constraints.

When we search for unitary fermionic RCFTs, the no-free-fermion condition can be
further imposed without loss of generality. In practice, we simply demand the vacuum

4We expect a corresponding theorem in the super-MTC. See also footnote 2.
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character to have vanishing second Fourier coefficient,
X0 =g *140-¢"* +argt +---). (3.1)

To see this, we note that any Virasoro primary of dimension 1/2 and spin 1/2 corresponds
to a free fermion. See [62] for a demonstration. The number of such primaries are counted
by the second Fourier coefficient of the vacuum character, specified by the smallest NS
exponent.

Let us finally discuss how to fully determine the exponent pairs with no integer ambi-
guity, that play an essential role in our approach. We start with an exponent pair defined
mod ¢ presented in appendix B, and denote it by {2&NS, dR} for later convenience. We
here reduce all of exponents to lie within the range (0,1), i.e.,

0<2aS alt <1fori=0,1,...,d—1. (3.2)

Then we consider all possible ways to shift each of the exponents by an integer with absolute
value smaller than a fixed bound, while satisfying the valence formula (2.15) for a given

Wronskian index . In other words, for a set of integers (nNS, nR), we have
d—1 d—1
¢ d(d-1)
~NS NS ~R R _
> (265 +m)®) + 3 (af ) +5 = = (3.3)

j=0 J=0

where integers are bounded, |n§-\ls,n§-{] < R for some integer R. The bound R will be
henceforth referred as the range. This procedure will generate a whole list of well-defined
exponent sets {25 aR} = {245 R} + {nNS nR} for a fixed range R. Then we solve the
FMLDE for each of them, and expand the solutions up to roughly the order ¢°°. The next
step is to impose the physical constraint listed in section 2.1, and finally obtain a small
list of possible candidate conformal characters. We repeat this procedure while gradually
increasing the value of R until no physical solution can be found.

For the case of d = 1, we in fact do not find any physical solutions in the numerical
search for the second family in table 2. This serves as a consistency check for our argument
in the last section. Starting from rank two there are many more possibilities, which will
be detailed in the following sections.

3.1 Rank 2 with¢<1

The second-order FMLDE for T'y (2.14) involves two coefficient functions ¢N°(7), ¢ (7).
When the Wronskian index ¢ < 1, the coefficient functions ¢y (7) are allowed to have a pole
only at 7 = i. Since (¥} — ¥3) vanishes precisely at 7 = 4, one can show from (2.17) that
the coefficient functions can be expressed as follows,

G0 (7) = pz (V3 + %) + a3y,

w1 (95 +0%) + pivi
1S(r) = Ml S it (3.4)
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Rank two, unitary, £ = 0, {c, h{’S, b, P} ype

71 3 7 11,5 49 21.2.3 7
102107 807 16 J g 767248 f g 4204 g
31 1 5 133 9 57 21 85 5 51 55
47 49 327 32 S 10710780716 | g 47423232 | p
1.1 13 91 11 49 13 99 4 3 1
7672478 [ ¢ 50100400 8 [ "3°2)6 [
91 3 15 39 7 65 27 114 7 3 19
443232 g 276748716 [ g 55210 g
39 3 13 33 102 6 3 17

1°43232fg 5°5°210fp

Table 3. Rank 2 non-degenerate unitary theories with ¢ = 0, which are all discovered in [35].
Type: S=SUSY, B=SUSY Broken.

Thus, the most general FMLDE of d = 2 with £ < 1 for the NS sector becomes

95+ 9%) + po

p (
D? 4+
o

e
274D 4 g (95 + 0%) + pa939 | XN (1) = 0, (3.5)

Performing a suitable SL(2,Z) transformation, one can obtain the FMLDE for the R sector,

#1(198 4 Q98) _ M2194194

[DQ + ](r) =o. (3.6)

Since four free parameters p, (a = 1,2,3,4) can be solely determined by the exponent data
{2al¥5 aRY (i = 1,2), we see that (3.5) and (3.6) are rigid. For higher values of £, each
coefficient function can have poles anywhere inside the fundamental domain, which brings
in more undetermined parameters. Thus, the FMLDEs with £ > 1 cannot be rigid.

Following the procedure outlined above, we are able to pin down 31 solutions which
can be regarded as physical conformal characters. The search was completed when R = 7.
Interestingly, even though we start with the £ = 1 FMLDEs, all the physically sensible
solutions turn out to satisfy ¢ = 0.

We divide the results into two groups. The first group is for unitary theories without
any free fermion summarized in table 3. We observe that they all have non-negative
Ramond exponents,

a’L K3

R_ pR_ 2£4 > 0 for all 4, (3.7)

which coincides with the unitarity bound of supersymmetry. It was argued in [41] that
any unitary FRCFT satisfying (3.7) is supersymmetric unless it has free fermions. When
the bound is saturated, there exist supersymmetric Ramond vacua. Otherwise, the super-
symmetry is spontaneously broken. We can indeed show that the theories in table 3 are
supersymmetric theories, which match all the rank-two non-degenerate unitary theories
found in [35]. However, we do not have a clear understanding why the rank-two fermionic
unitary RCFTs with no free fermion should be all supersymmetric.
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Rank two, more, £ = 0, {c, h)'S, ht, h}}

8§ 3 1 1 79
{57@%71} {3371@3}
9 1 3 11 341 9 37 249
» 167 167 16 10757167 80
4137 7 125 79
787878 2967 48 ' 16
3 9 17 5 21 41
{67T6’E’T6} {3971@7@
69 7 1 13 169 5 99 175
107 10’ 80 16 4 04732 32

87 13 161 59
276 4816

—
%l
=
B~
S
—

151 8 17 109 179 9 109 121
5 255840 44> 732 32
63 5 35 137 46,2 29 47
2737167 48 74> 878

162 17 1 3
5 7107 57

Table 4. Rank 2 non-degenerate theories with £ = 0 that are not unitary and seem to be new.

The results in the second group are listed in table 4. They were not discovered in the
previous work [35]. If the theories in table 4 were unitary, they contained multiple copies
of free fermion. However, when such free fermions were decoupled, the leftover conformal
characters in turn had negative Fourier coefficients. Thus, they should not be identified
as unitary theories. On the other hand, they still satisfy the constraint on the modular
pairing matrix M;;. Although it is likely that the theories of table 4 could play no physical
role, we report the results for completeness.

Finally, we comment that all families in table 8 of appendix B are realized in tables 3
and 4.

3.2 Rank 3 with£<1

We can argue that the most general rigid FMLDE at rank three for the NS sector are
given by

pa (05 + 9%) + pav3]
9i — 03

+u5(19%6 + 91°) + pe (95205 + 93207) + prd503
05 — 93

D’ + D + (us(93 + 93) + path395) D

Y5(r) = 0. (3.8)
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The corresponding equation for the R sector then becomes

p1 (03 + 95) + pavivy
— 95 — ¥

s (910 + 04%) — o (94294 + 01204) + s
! ~0} — 0]

D’ + D + (u3(9F + 93) — pat?§03) D

xR (r) = 0. (3.9)

Note that the Wronskian index of (3.8) is ¢ < 1; otherwise the corresponding FMLDE
becomes non-rigid. In order to avoid having too many solutions, we only search for unitary
theories in what follows. The seven unknown parameters p, (¢ = 1,2,...,7) can be
specified by {2aN%, af} (i = 1,2,3) and no-free-fermion condition (3.1).

We observe that the number of unitary solutions are actually finite. In practice, for
¢ = 0 cases we obtain no more solution when the range is increased from seven to eight
while for ¢ = 1 all the solutions are within range three. Altogether we obtain 43 solutions
for £ = 0 and 15 solutions for £ = 1, listed in tables 5 and 6 respectively.

As expected, all the non-degenerate SUSY solutions found in [36] are rediscovered in
this approach. However we stress that most of the solutions are entirely new. One can
construct a three-character FRCFT by tensoring a two-character FRCF'T in table 3 with
itself. Some of the theories obtained in this manner are highlighted in the table 5 while
others from table 3 become degenerate. We also note that non-supersymmetric FRCFTs
start to appear from rank three.

Some of the theories can be recognized with well-known theories. For example, two
copies of the su(2)s WZW model can be fermionized to the theory with ¢ = 18/5. On the
other hand, the theory with ¢ = 63/5 can be bosonized to the orbifold theory su(8)2/Zs,
recently studied in [39].

We remark that families 1 and 2 in table 9 of appendix B do not lead to any unitary
theories that are physically acceptable.

3.3 Rank 4 with £ =0

We now proceed to the case of d = 4. The most general rigid fourth-order FMLDE has to
be monic, which takes the following form

D+ (9] — 93D + {a(95 + 03) + 0304} D + {pa (9305 — 030 (3.10)

(052 — 937) }D + o (93° + 9% + pr (91705 + 0520]) + Msﬂgﬁi] X (r) = 0.
The corresponding equation in the R sector is

[174 — w1 (V3 4+ 9 D3 + {m(ﬁi +98) — ugﬁiﬂ%}DQ +{ — s (V5097 + 9393 (3.11)

115 (932 + V12 D + o (9° + 03°) — pr (93204 + 01203 + 9305 | X (7) = 0.

Notice that the d = 4 FMLDE with ¢ = 1 already becomes non-rigid.
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Rank three, £ =0, {c, hll\IS, hQNS, h(l)}”; hlfy hg}type

{Q 1 3 3 5 ﬂ} {77 7 11 33 49 13} {187 13 25 79 17 143}
N B B

14> 14> 14> 1120 167 11 57107107 40° 40° 8 7 014> 14> 56° 8 56
1.4 2 1L 95 33 9 11 77 93 25 @HBZL 171 187
11005400407 8 [ 210710780780 16 f 1010210716 80’ 80 J g

35 5 7 49 65 27 465 25 27 31 249 265
B 2°676248°48° 16 f 140140140160 1127 112 f

o 1 1 1 5 31 130 13 8 5 39 47 182 11 11 49 57 13
g B 5°10°5°20°20° 4 [

18 3 2 3 11 3] 19. 9 8 19 51 15 39 7 7 65 13 21
5’1075’20’2745 107 57 407 400 8 N ’6’372472478 B
81 3 9 9 57 21 99 9 6 11 63 71 391 13 12 207 239 51
1710’10’80’8’16N 5’10’578’40703 10710’5’80’807163
2 3 7 7 3 19] 207 13 8 23 119 27 204 6 12 3 16 17
5757107207 4° 20 S 10’10’5’80’80’16N 575572 575 B
9§gg§g 9] 7 4 9 35 43 49 11 12 63 67 15
57107 407 8’ 40 7673787240 24 B 7107 5220720 4 B
10.2.5 5 3 13\ 99 5 5 11 19 91 297 19 18 165 181 27
136012012 g 1623°12°1204 [ g 7014 7256 560 8 [
143 11 13 39 55 17 99 11 7 5 33 37 44 4 8 310 11
14’14’14’112’112’16N ’1’5’4’2’203 7373752 37 3 B
165 5 15 45 11 141 221 13 7 17 117 149 310 17 18 93 97 15
14’7’14’112’16’112N 10 » 107 57 167 80 * 80 B 7 0140 7287287 4 B
63 4 9 27 7 51 170 17 11 5 51 55 228 7 14 3 17 19
57 5’10’40’8’403 7’14’7’4’28’283 575 5725 57 5 B
66 4 11 11 3 27\ 171 19 11 9 95 111 70.4 25 55 21 83
5571072004720 f g 7140 72856 56 [ '3 60120 4012 )

14> 14> 14> 1120 167 112 5

195 1 19 75 13 267 247 13 8 19 143 159
B 1071075 16> 80 80 J

14 70 14> 1127 167 112

195 6 15 75 13 155 133 9 9 57 81 21
B 7510057400400 8 [

Table 5. Rank 3 non-degenerate unitary theories with £ = 0. Type: S=SUSY, B=SUSY Broken,
N = non-SUSY. We highlight the theories that are a product of lower rank theories. Theories with
asterisk are discovered in [36].

Again, in order to avoid having too many solutions, we further impose the unitarity
constraint. Altogether we have 37 unitary FRCFTs without free fermion, listed in table 7.

Similar to the rank three case, one can construct a four-character FRCFT by ten-
soring a two-character FRCFT in table 3 three times. We highlight those theories that
can be obtained in this fashion in table 7. Others in table 3 generate the degenerate
theories with d = 3. What’s more, as shown in [39], the su(4)s WZW model can be
mapped to the theory with ¢ = 45/7 via the generalized Jordan-Wigner transformation
while the 5u(6)2 WZW model to the theory with ¢ = 35/4. Finally we remark that families
1,2,4,8,9,10,11,14,15,20,21,22,  25,27,28,29,30,32,33,39,42,43,44,46,47, 48,49, 52,
53, 54,55 in table 10 of appendix B do not lead to any unitary theories with £ = 0 that are
physically acceptable.
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Rank three, £ = 1, {c, /NS, hYS hB hR B}

31 3 5 3 29 62 9 5 1 11 27 139 3 8 75 99 21
707140568056 [ 7O T DR B[ 7014°7056°56° 8 [
91 3 119 107 419 2 90 4 6 13 3 17
15210220047 20 J 7100574720020 J 150521002010 [
22 2 5 3 115 149 5 11 53 117 19 146 8 17 25 41 7
70T 11028 D R [y 14> 14 14 1120 T12° 16 f 707014028284
89 3 9 9 73 15 85 1l 6 3 37 69 148 6 9 19 3 25
414 14 112> 112 16 f 701471856756 [ T T I 2 g
7.3 7 3 27 7 132 5 8 17 3 23 45 6 13 81 129 29
1107107 407 40° 8 f T DI g 2752107807 80 16 f

Table 6. Rank 3 non-degenerate unitary theories with £ = 1. Type: S=SUSY, B=SUSY Broken,
N=non-SUSY.

Rank four, £ = 0, {c, A5, Y5 hYS AR KR AR REY

4 1 12 1 121 13 63 3 5 3 21 49 69 81 207 9 10 33 69 101 141 27
57407 8757407 8740’ 8 N 8787874764’ 647 64’ 64 S 7 0147 7714756 56 567 8 S
5 1 11 1 35 11 65 35 7 3 5 35 21 95 33 247 7 5 17 113 133 181 209
67 187 67 37487 144 16 48 N 41274767967 327 967 32 S 8 78747 87 64 64 64 64 B
7117 1 5 2133 99 3 7 9 33 45 77 81 247 13 7 15 113 117 133 145
87874787647 64 64’ 64 N 87478787647 647 64° 64 S 8 78747 87 647 64 64 64 B
1L 19 1 9 2549 68 17 4 9 17 9 13 77 65 13 7 15 39 125 149 63
1327 87 327 327 327 327 32 N 524075787407 87 8740 N 2724767 87167 487 48 7 16 B
129 1 9 257 15 7 39 15 39 55 63 663 17 7 39 65 69 357 377
1 15
7147 77 147 567 567 567 8 N 1327 87 327 327 327 327 32 N 20 7 107 4° 202 327 327 160’ 160 B
51 5 1 1 5 9 2 88 4 11 6 11 13 3 17 133 19 5 63 19 21 25 31
47 327327 47167 167 16 16 B 575710757107 10 27 10 B 4 73274732 87 87 87 8 B
5 1 15 5 3 41 23 56 7 7 4 7 23 3 11 264 13 25 18 51 75 13 99
4712747 67 967 327 967 32 S 3796737671872 6 B 7T 0140 14> 7 287 287 47 28 B
10115 1 5 93 77 11 7 5 121 133 51 55 196 63 11 35 49 253 203 73
714> 7 140 140 140 140 2 B 471276747 96 96 ° 327 32 B 5 280710’ 167 167 80 80’ 16 B

3 1 28 11 3 59 107 429 11 5 27 39 231 291 59 309 9 9 27 171 219 267 63
201829797 144> 16> 144> 144 [ g 20 1 107 47 207 327 160° 160 32 [ g B

21 1 1 3 9 41 73 21 70 7 14 11 7 5 65 23 169 13 5 81 45 53 65 89
107 10> 57 107 802 807 80’ 16 | g 3767961224736 12 f )y 432)4:32°16°16°16° 16 [ g

8 78874764264 64° 64 "5 107 5°10° 40 40 40’ 8

21 1 33 3 15 35 63 o7 13 12 33 27 75 115 21
87878747642 64> 64’ 64 [ N 7147 7147567 567 56 ° 8 [

12 3 13 3 37 63 203 7 13 9 29 81 125 161 273 11 11 33 147 163 179 39
5400587400882 40 [ N B

{77@77@%’%»%75}5 { S8 84764 64 64° 64

45 5 4 9 15 39 55 9 &511975111155&7}
s

Table 7. Rank 4 non-degenerate unitary theories with £ = 0. Type: S=SUSY, B=SUSY Broken,
N = non-SUSY. We highlight the theories that are a product of lower rank theories.
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A Some finite group theory

In this appendix we give the proof of the claim just below eq. (2.27) in section 2.2. To
set up the notation, we will use G to denote a generic finite group, and H for one of its
subgroup, |G|, |H]| for their orders, |G/H]| for the corresponding index.

For application in this paper, we can take G as SL(2,Zy), and H as one of I'y/I'(N),
[o(2)/T(N),[°(2)/T(N). The order of G is

SL2,Zx) | = N T - ) (A1)

p|N p

and we have |G/H| = 3 for all the three choices of H. We are mainly interested in the
special case N = 2*, here the corresponding H is also denoted as Pj.

Suppose V is a finite dimensional vector space over some algebraic closed field K
with Char K = 0.° Having a representation p : G — GL(V) of G on V is equivalent to
assigning a K[G]-module structure for V', so we can just use the K[G]-module V' to refer
to this representation. If we restrict this representation to some subgroup H, we will get
a representation p|lg : H — GL(W) of H on some subspace W of V, and we say W is
the restriction of V' on H. Alternatively, starting with some W, that is, a representation
¢ : H — GL(W), we can construct a representation W’ of G through the following scalar
extension

W =K[G] & W (A.2)
(]

We say V is induced by W iff V.= W' as K[G] module. More concretely, this means

V=P W,, Ws=p(ss)W. (A.3)
ceG/H

Then H is precisely the collection of elements h € G such that p(h) = £(h), p(h)W = W. In
particular, when H is a Sylow p-subgroup and V, W are irreducible, we say V is p-induced
by W.

S5Essentially, we have K = C in this paper.
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It is obvious that
dimV = |G/H|dim W. (A.4)

If we begin with some irreducible V, its restriction W may or may not be irreducible.
On the other hand, if we begin with some irreducible W, the induced W’ may or may not
be irreducible as well, but at least we have:

Theorem A.1. Every irreducible V is contained in some induced W' by some irreducible W.

When the induced representation W' itself is irreducible, W must be irreducible as
well, then we may use eq. (A.4) to calculate the dimension of W if we know the dimension
of V=W

For example, we can take G = SL(2,Z,x) and H = Py with |G/H| = 3. In table 1
of [34], we find when A > 5 the irreducible representations have dimensions:

{2*1} U {3 A =1,2,3, 4} . (A.5)

So it seems that the 3 - 2 7% type representations are 2-induced. Usually it is hard to
decide whether a restricted or induced representation is irreducible or not in general, but
in this case we have the following theorem [63], which in our notation says

Theorem A.2. Given a prime p dividing |G|, an irreducible V' is p-induced iff |G|/ dim V =
p" for some positive integer r.

Applying this theorem to our problem with p = 2 and using eq. (A.1) we find |G| =
3. 2™ for some positive integer m(\) > A, so when A\ > 5 we have the following set of
2-induced representations of G = SL(2,Zy»)

{3-2H |i= 1,2,3,4}. (A.6)

Then from |G/H| = 3 we find the set of irreducible representations of H = Py labeled
by their dimensions
{2H |i= 1,2,3,4}. (A7)

While the A < 5 cases can be treated by this method or calculated directly, then we
can construct a fermionic version of table 1 of [34] .

B Exponents

In this appendix, we collect the exponents for rank d = 2,3,4 in tables 8, 9, 10. Recall
that they always appear in terms of families, so we only need to give one representative for
each family.
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d = 2 exponents: {205, af} + £ {-15,15} for k € Z

No. | Representative || No. Representative
1| {0,9). (5. 1)} || 8 {(0.3), (3, 1)}

2 | {0.9).G 9} 9 {(0,3), (13, D}

31 {009, (55: 1)) | 10 | {(35: 150)> (3500 120}
4| {09, || 11| {5 150) (500 190}
51 {05, (@D | 12 ] {6 50) (350300
6 | {5 Gom)} | 13 | {(G ) (5 15)}
7| (G R): 6o}

Table 8. All possible exponents mod 1 for rank 2 non-degenerate FRCFTs.

d = 3 exponents: {2aN5 o} + %{—13, 13} for ke Z

No. Representative No. Representative
U0y | 6| (430,403

2 | {0,5,5), (1)} || 7 | {(w 165 18)> (68> 168 168)}
31 {0.3.9.0.3.9} | 8 | {(ms fon 1o8): (6 o5 d6s))
L 0D G E | 90 | (G d B 80

5 {03,593, ) || 10 {(56 56 3)+ (55 36 560

Table 9. All possible exponents mod 1 for rank 3 non-degenerate FRCFTs.
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d = 4 exponents: {2a™5, o} + 2{—14,1,} for k € Z

Representative No. Representative
{3.289,¢.244) 29 | {(f0: 3> 1500 30> (T35 130 30+ 30))
{0,4,%.3), (5. B % B)} 30 | {(do % 135> 1)+ (32 2> 2> 315)}
{0, 45, 1 15)s (35> 35: 33: 32)} 31 | {(0) 130 1500 120)> (35> 15 300 300}
{0, %53 (3 3 5% 3} 32 | {(z0 150 1200 190) (Go» 15 157 60))
{0,453 (5.5, 9)) 33 | {(tho+ 150+ 130> 190> (16 Th0+ 196 190)}
{(0,5.5,9):(0,3.5,8)} 34 | {(135: 156 136> 190> (120> 136+ 130 190)}
{(0,5:8:) (15 18> 3+ 19} 35 | {(135: 150 136> 190+ (120> 120+ 130 139)}
{0,550, (%, 1. 5. 2)} 36 | {(135+ 150 130> 190+ (150+ 130+ 1307 190)}
{0,5.5.9). Gt 58 1 3} 37 {(55+ 33 58 58): (s> 12> 38> )3
{0, 83 33) (36 45> 16 30 38 {6 38+ 58> &) (35> 94> 310 38}
{0,£.3.9), ({5, %, 3% 12)} 39 (& 55 3 5), (35 15300 1)}
{(0,£,2,9), (35, 3% 3 )} 40 (&5 55 5 59), (85, 35, 35, 3}
{(0,4,2,%), (1, 3> 32: 39} 4| {(gh 150 750 80+ (135 1950 120 1900}
{0.5:5:3). (05,39} 42 | {5 5 130): (3 310 310+ 510}

{0,439, G, 4. 5.5 43 (G5 350 2), (3, B, 5., 40)}
{0, 5.1, 5).(& 552} 44 (& 35, 22), (3, 3.8, 2)}
{0,% %1 G550 45 | {(Gos 1500 120+ 80)+ 210+ 340> 390> 310)}
{(0,3,3,5),(0,5.3.5)} 46 | {(g5: 60 23+ 82+ (35 1250 155> 190)}
{(0,3,8,8): (35: 1 38, 30} 47 (% 82, 8. 8), (3. 8,88
{0,3,5.8) (%5 %3, 30} 48 (55285528
{(0,3,5,8): (£ 5. 1% 1)} 49 (5 & 238,358,449
{(0,1.3,%),(0,1.3.%)} 50 {(&: %% %0533
{00,,2,9), G 1. 539 3} 51 {(& 555 (&}
{(0,2,2,9),(%.%. 5.9} 52 {3 2 5 G200 3))
{(315+ 210> 510> 390+ (135 60+ 1900 &)} || 53 {(&.8,2,3) (5, 1.2,4)
{(i5: 5550 535> 390)+ (35> 15 39, 12} || 54 {(&.8,2,3),(4,28,5 4))
{(535- 30+ 150 30) (310> 240> 310> 31)} || 55 {(% %5 5)0,% 5 )
{(535- i+ 156+ 10)+ (20> 16+ 130+ 195) | 56 {355, 5. 580

Table 10. All possible exponents mod 1 for rank 4 non-degenerate FRCFTs.
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